This paper reviews results from
Introduction
Measurements of the ozone con centration in the cabins of two commercially operated Boeing 747 airliners were routinely made from March i977 to June 1979 as part of the NASA Global Atmospheric Sampling Progran (GASP) . The measurements were taken I n res onse to the concern of the ~b l i c l ,~ and the governrne:lL3-i because of reports attr 1-buting illnesses of some people on long duration flights to excessive ozone exposure.
A brief measurements campaign in the early 1960s established that the ozone injested by aircraft operating in the stratosphere is only partially destroyed b the compression-ventilation systemg, so that cahin ozone levels may increase above levels Index categories: Cabin Environment, Crew Training, and Life Support; Flight Operations; Safety.
comiionly found in the troposphere. Until recently, however, available measurements were insufficient to determine adequately the relationship between cabin and ambient (atmospheric) ozone levels, and no tests had been made to determine the effect that modifications to the aircraft ventilation system might have on ozone amounts in the cabin. The addition of the cabin ozone measurement capability to the GASP system on a 747-100 and 747SP provided simultaneous cahin and ambient ozone data from flights of varying duration, altitude, and season. Four cabin ozone reduction methods were tested duriqg the data collection period on the 747SP.
The purpose of this p a p e r is to present selected examples of the ozone data thus collected an6 a statistical summary of the resuits for over 20,000 simultaneous cabin and ambient ozone observations made from March 1977 to October 1978. Also, the resalts of the different ozone reduction methods used on the 747SP are discussed. Complete presentation of all GASP cabin ozone data used here is given in References 7 and 8.
In addition to the simultaneous cabin and ambient ozone measurements, GASP acquired over 100,000 ambient ozone observations around the world at airliner cruise altitudes from March 1975 to June 1979. These have added considerably to the climatological data base over what was previously available from ozonesondes, and have provided data in geographical regions where none were previously extant.
One aspect of the cabin ozone problem which will be addressed herein is the question of how frequently cozmercia1 airliners encounter given ambient ozone levels. The GASP data are uniquely appropriate for addressing this question as they were obtained in routine commercial service and provide encounter frequencies directly.
Ozone Neasurements System GASP was initiated by NASA I n December 1974 to collect data on atmospheric constituents using instruments place on board commercial airliners. Due to the size of the GASP instrument p a c k a g e , o n l y B 7 4 7 a i r p l a n e s c o u l d b e u s e d B o t h t n e a mb i e n t a n d c a b i n o z o n e w e r e m e a s u r e d b y a n u l t r a v i o l e t s p e c t r o p h o t o m e t e r w i t h a n o p e r a t i n g r a n g e o f 0 . 0 0 3 -2 0 ppmv ( p a r t s p e r m i l l i o n by v o l u m e ) a n d w i t h a s e n s i t i v i t y o f 0 . 0 0 3 ppmv.
A i r f r o m o u t s i d e t h e a i r c r a f t was s a m p l e d b y a s p e c i a l e x t e r n a l p r o b e e x t e n d i n g b ey o n d t h e b o u n d a r y l a y e r n e a r t h e n o s e o f t h e a i r c r a f t .
The c a b i n a i r i n l e t was l o c a t e d a b o u t 1 . 5 m a b o v e t h e f l o o r i n t h e f o r w a r d c o m p a r t m e n t of t h e 7 4 7 , o n t h e o u t s i d e w a l l o f t h e c i r c u l a r s t a i r c a s e . T h e GASP s y s t e m i s c o m p l e t e l y a u t o m a t e d , w i t h a l l d a t a r e c o r d e d o n t a p e .
The o z o n e r e a d i n g s u p d a t e d e v e r y 20 s e c . , a l t h o u g h t h e y w e r e n o r m a l l y r e c o r d e d o n l y e v e r y 5 m i n .
D u r i n q t h e d a t a p r o c e s s i n g , t h e t r o p o p a u s e p r e s s u r e h e i g h t c o r r e s p o n di n g t o e a c h o z o n e m e a s u r e m e n t i s t i m e a n d s p a c e i n t e r p o l a t e d f r o m t h e N at i o n a l M e t e o r o l o g i c a l C e n t e r (NMC) t r o p o p a u s e a n a l y s e s a n d m e r g e d w i t h t h e GASP d a t a .
O t h e r d e t a i l s o n t h e GASP cabin a n d a m b i e n t o z o n e m e a s u r em e n t s c a n b e f o u n d e l s e w h e r e 9 -1 2 .
O z o n e Variations I n t h e a t m o s p h e r e t h e l o c a l o z o n e c o n c e n t r a t i o n v a r i e s w i t h b o t h s p a c e a n d t i m e .
Mean a m b i e n t o z o n e l e v e l s a r e t y p i c a l l y l e s s t h a n 0 . 1 ppmv i n t h e t r o p o s p h e r e a n d g r e a t e r t h a n 0 . 2 ppmv i n t h e s t r a t o s p h e r e a s s e e n i n F i g u r e 1. I n t h i s a n d s u b s e q u e n t f i g u r e s , t h e s h a d e d a r e a s h o w s 2 1 s t a n d a r d d e v i a t i o n f r o m t h e G A S P mean i n e a c h i n t e r v a l .
T h e GASP m e a n s a r e i n e x c e l l e n t a q r e e m e n t w i t h t h e d i st r i b u t i o n f r o m t h e U . S . S t a n d a r d A t m o s p h e r e ( R e f . 1 3 ) . The mean a m b i e n t o z o n e v a r i e s w i t h l a t i t u d e , i n c r e a s i n g f r o m t h e e q u a t o r p o l e w a r d ( F i g . 2 ) , a n d w i t h s e a s o n , h a v i n g maximum v a l u e s d u r i n g s p r i n g (Fig.  3 ) . T h e GASP mean v a l u e s i n F i g s . 2 & 3 a r e f r o m R e f e r e n c e 1 4 . O z o n e s o n d e mean v a l u e s , f r o m R e f e r e n c e 1 5 , a r e a l s o shown f o r c o m p a r i s o n .
H o w e v e r , s u p e r i m p o s e d o n t h e s e v a r i a t i o n s o f t h e mean v a l u e s a r e t h e s o m e t i m e s v e r y l a r g e v a r i a t i o n s w i t h s y n o p t i c w e a t h e r s y s t e m s . S i n c e t h e s e v a r i a t i o n s r es u l t i n m i x e d t r o p o s p h e r i c a n d s t r a t os p h e r i c d a t a a t a c o n s t a n t f l i g h t l e v e l , t h e y a r e a p r i m a r y c a u s e o f t h e v e r y l a r g e s t a n d a r d d e v i a t i o n s s e e n i n F i g u r e s 2 a n d 3. T h e p o i n t i s t h a t a s t h e c a b i n a i r i s o b t a i n e d f r o m o u ts i d e , c a b i n o z o n e l e v e l s m i g h t b e e x p e c t e d t o d e p e n d u p o n a l l o f t h e s e f a c t o r s .
I n a d d i t i o n , t h e c a b i n o z o n e l e v e l w i l l d e p e n d u p o n how much o z o n e i s d e s t r o y e d i n t h e v e n t i l a t i o n s y s t e m . T h e o z o n e r e t e n t i o n r a t i o ( c a b i n t o a m b i e n t ) c a n b e e x p e c t e d t o v a r y b et w e e n a i r c r a f t t y p e s a n d w i l l f u r t h e r v a r y i f t h e v e n t i l a t i o n s y s t e m o f a n
o i n t s w i l l be shown b y c o m p a r i n g t h e s t a t i s t i c a l r e s u l t s o f d a t a f r o m t h e 7 4 7 -1 0 0 a n d t h e u n m o d i f i e d a n d m o d if i e d c o n f i g u r a t i o n s o f t h e 7 4 7 S P . B e f o r e d i s c u s s i n g t h e s t a t i s t i c a l r e s u l t s , we w i l l p r e s e n t d a t a f r o m a t y p i c a l GASP f l i g h t a s a n i n t r o d u c t i o n t o t h e t y p e o f r e c o r d s u p o n w h i c h t h e s t a t i s t i c s a r e b a s e d .
S i m u l t a n e o u s M e a s u r e m e n t s F i g n r e 4 s h o w s t h e a m b i e n t a n d c a b i n o z o n e d a t a ( m i d d l e p a n e l ) a l o n g a f l i g h t o f t h e U n i t e d 7 4 7 -1 0 0 f r o m S a n F r a n c i s c o (SFO) t o New York (JFK) o n M a r c h 1 2 , 1 9 7 8 .
A l s o s h o w n a r e t h e a i r c r a f t l a t i t u d e a n d f l i g h t l e v e l ( u p p e r p a n e l ) , a n d t h e r a t i o o f c a b i n t o a m b i e n t o z o n e ( l o w e r p a n e l ) a l l a s a f u n c t i o n o f f l i g h t t i m e . I n t h i s a n d t h e f o l l o w i n g f i g u r e , d a t a a r e c o n n e c t e d b y s o l i d l i n e s e x c e p t when g a p s i n t h e d a t a e x c e e d 1 0 m i n . d u r at i o n ( r a t i o v a l u e s a r e p l o t t e d o n l y when a m b i e n t o z o n e e x c e e d s 0 . 1 p p m v ) .
T h e l a b e l f l i g h t l e v e l ( h u n d r e d s of f e e t ) i s u s e d t o s i g n a l t h a t s t a n d a r d a t m o s p h e r e e q u i v a l e n t p r e s s u r e a l t it u d e s , r a t h e r t h a n t r u e geometric a l t i t u d e s , a r e t h e c o o r d i n a t e .
An i m p o r t a n t p o i n t t o n o t e i n F i g u r e 4 i s t h a t t h e c a b i n o z o n e c u r v e f o l l o w s t h e a m b i e n t o z o n e c u r v e ( t h e mean r a t i o o n t h i s f l i q h t was 0 . 4 3 , a n d t h e c o r r e l a t i o n c o e f f i c i e n t w a s 0 . 7 2 ) .
F o r a l l o b s e r v a t i o n s t a k e n on t h e B 7 4 7 -1 0 0 t o O c t o b e r 1 9 7 8 , t h e mean r a t i o o f c a b i n t o a m b i e n t o z o n e ( r et e n t i o n r a t i o ) w a s 0 . 3 8 1 .
T h e c o r r el a t i o n c o e f f i c i e n t f o r t h e s e m e a s u r em e n t s w a s 0 . 8 5 , a n d may h a v e b e e n e v e n g r e a t e r , e x c e p t t h e r e i s t i m e l a g o f a few m i n u t e s w h i l e o u t s i d e a i r i s b e i n g m i x e d w i t h t h e a i r i n t h e c a b i n .
T a b l e I s u m m a r i z e s t h e o z o n e r e t e n t i o n r a t i o d a t a f o r b o t h GASP e q u i p p e d a i r c r a f t .
As we a r e c o n - 
B e c a u s e o f v e n t i l a t i o n s y s t e m m o d i f i c a t i o n s o r c h a n g e d o p e r a t i n q p r o c e d u r e s , t h e d a t a f r o m t h e 7 4 7 S P a r e d i v i d e d among t h e f o l l o w i n g c a t e g o r i e s ; 1 ) . u n m o d i f i e d , 2 ) . u n m o d i f i e d w i t h 1 5 t h s t a g e com-
p r e s s o r b l e e d , 3 ) . i n c r e a s e d a i r rec i r c u l a t i o n , 4 ) . i n c r e a s e d a i r r e c i rc u l a t i o n w i t h 1 5 t h s t a g e c o m p r e s s o r b l e e d , a n d 5 ) . c h a r c o a l f i l t e r .
T
h e r e may b e f a c t o r s o t h e r t h a n t h o s e l i s t e d w h i c h i n f l u e n c e t h e r e t e n t i o n r a t i o f r o m f l i g h t t o f l i g h t o r e v e n w i t h i n a f l i g h t , s u c h a s l o a d f a c t o r o r f l i g h t d u r a t i o n , l 6 b u t t h e s e a r e n o t c o ns i d e r e d h e r e . I n T a b l e 1 , t h e r e t e n t i o n r a t l o f o r t h e u n m o d i f i e d 7 4 7 S P (May -
s t a t i s t i c a l s i g n i f i c a n c e o f g r e a t e r t h a n 9 9 p e r c e n t , w h i c h c l e a r l y i n d ic a t e s t h a t r e t e n t i o n r a t i o s c a n n o t be e x t r a p o l a t e d among a i r c r a f t t y p e s w i t h much c e r t a i n t y .
F o u r d i f f e r e n t m e t h o d s w e r e u s e d t o r e d u c e t h e c a b i n o z o n e o n t h e 7 4 7 S P .
I n c r e a s e d s u r f a c e c o n t a c t w a s p r o m o t e d S y i n c r e a s e d r e c i r c u l a t i o n of t h e c a b i n a i r , w h i c h c a u s e d a 3 3 p e rc e n t d e c r e a s e i n t h e mean r e t e n t i o n r a t i o ( T a b l e 1 ) . N o t e , h o w e v e r , t h a t d e s p i t e t h e a i r r e c i r c u l a t i o n , t h e mean r a t i o f o r t h e 7 4 7 S P a i r c r a f t w a s s t i l l h i g h e r t h a n t h a t f o r t h e 7 4 7 -1 0 0 a i c c r a f t .
A
n o t h e r o z o n e d e s t r u c t i o n m e t h o d w a s t h e u s e o f 1 5 t h s t a g e c o m p r e s s o r b l e e d f o r t h e c a~i n a i r , r a t h e r t h a n t h e n o r m a l 8 t h s t a g e c o m p r e s s o r b l e e d . T h e h i g h e r t e m p e r a t u r e ( 3 4 0 -480°C) a s s o c i a t e d w i t h t h e 1 5 t h s t a g e c a u s e d much m o r e o f t h e o z o n e t o d i s s o c i a t e b e f o r e e n t e r i n g t h e c a b i n . Fifteenth s t a g e b l e e d w a s u s e d i n t e rm i t t e n t l y b o t h o n t h e u n m o d i f i e d a i rc r a f t a n d a f t e r t h e a i r r e c i r c u l a t i o n m o d i f i c a t i o n , a n d t h e r e s u l t s a r e 1 i s t e d s e p a r a t e l y i n T a b l e 1. T h e u s e o f h i g n t e m p e r a t u r e b l e e d c a u s e d a b o u t a 6 5 % d e c r e a s e i l t h e r e t e n t i o n r at i o . E x a m p l e s of f l i g h t d a t a w i t h 1 5 t h s t a g e b l
e e d i n u s e a r e g i v e n i n R e f e r e n c e s 7 a n d 1 7 .
O n A u g u s t 6 , 1 9 7 7 , a c h a r c o a l f i l t e r w a s i n s t a l l e d i n t h e v e n t i l at i o n s y s t e m o f t h e 7 4 7 S P a i r c r a f t . T h i s t i l t e r was v e r y e f f e c t i v e i n d es t r o y i n g o z o n e e n t e r i n g t h e c a b i n a s i l l u s t r a t e d by t h e f l i g h t r e c o r d i n F l g . 5 a n d s u m m a r i z e d statistically i n T a b l e 1. F o r a l l o b s e r v a t i o n s f r o m A u g u s t 6 , 1 9 7 7 t o O c t o b e r 4 , 1 9 7 8 u s l n g t h e c h a r c o a l f i l t e r , t h e mean r a t l o was 0 . 0 8 1 .
T h i s i s a 9 0 % d ec r e a s e f r o m t h e mean o f t h e May -J u n e m e a s u r e m e n t s o n t h e o r i g i n a l c o n f i g u ra t i o n o f t h e S P a i r p l a n e . W e e k l y -a v e r a g e d r e t e n t i o n r a t i o d a t a f r o m t h i s a i r p l a n e a r e shown i n F i g . 6 . D a t a f r o m May 1 2 t o A u g u s t 6 , 1 9 7 7 a r e s e p a r a t e d a c c o r d i n g t o w h e t h e r o r n o t h i g h t e m p e r a t u r e b l e e d w a s i n u s e .
T h e d e c r e a s e i n t h e r a t i o o f c a b i n t o a m b i e n t o z o n e a f t e r t h e f i l t e r i n s t a l l a t i o n i s d r a m a t i c , b u t n o t e t 5 a t t h e r e a p p e a r s t o b e a n a nn u a l c y c l e i n t h i s r a t i o , w i t h h i g h e s t r a t i o s d u r i n g s p r i n g when a m b i e n t l e ve l s a r e h i g h e s t ( c . f . F i g . 3 ) . T h i s s u g g e s t s a p r o p o r t i o n a l i t y w i t h ama i e n t o z o n e , a s w o u l d b e e x p e c t e d i f s u r f a c e c o n t a c t w e r e t h e d o m i n a n t m e c h a n i s m d e s t r o y i n g o z o n e i n t h e c a b i n a i r s y s t e m l 8 # 19. F i g . 7 s h o w s t h e mean r e t e n t i o n r a t i o a s a f u n c t i o n o f a m b i e n t o z o n e l e v e l f o r b o t h GASP e q u i p p e d 747 ' s .
T h e a n t i c ip a t e d i n c r e a s e i n r e t e n t i o n r a t i o w i t h
Above . 7 ppmv t h e mean retention r a t i o i s n e a r l y c o n s t a n t , b u t t h i s may n o t b e s t a t i s t i c a l l y s i g n i f i c a n t a s t h e n u m b e r o f o b s e r v at i o n s f a l l s o f f r a p l d l y .
N o t e t h a t , i n c o n t r a s t t o t h e S P , n o s t a t i s t ic a l l y s i g n i f i c a n t t r e n d i s e v i d e n t i n t h e 7 4 7 -1 0 0 d a t a ( s e e a l s o R e f . 2 0 ) .
On U s i n g A t m o s p h e r i c O z o n e C l i m a t o l o g i c a l D a t a T o E s t i m a t e C a b i n O z o n e E n c o u n t e r F r e q u e n c i e s A b o u t a y e a r a g o , t h e F e d e r a l A v i a t i o n R e g u l a t i o n s w e r e a m e n d e d 5 t o r e q u i r e c a r r i e r s o p e r a t i n g t r a n sp o r t c a t e g o r y a i r p l a n e s a b o v e F L 1 T h i s s e c t i o n p r e s e n t s a n e x a m p l e o f how t a b u l a t e d a m b i e n t o z o n e d a t a m i g h t be u s e d t o i n v e s t i g a t e comp l i a n c e w i t h t h e r u l e s .
O u r p r o c e d u r e d i f f e r s from t h e o n e i n t h e FAA Adv i s o r y C i r c u l a r 21 i n t h a t 1 ) . we w i l l u s e GASP e m p i r i c a l a m b i e n t o z o n e e n c o u n t e r p
n c o u n t e r i n g t h e m a x imum v a l u e l i m i t a t a n y t i m e d u r i n g a f l i g h t d i f f e r s f r o m t h a t g i v e n i n R e f e r e n c e 21.
T h e r e f o r e , a n y o n e m a k i n g t h i s t y p e o f c a l c u l a t i o n f o r t h e p u r p o s e o f d e m o n s t r a t i n g comp l i a n c e s h o u l d r e f e r t o R e f e r e n c e 2 1 * T h e s t a t e m e n t o f t h e r u l e i n u n i t s o f s e a -l e v e l -e q u i v a l e n t ppmv (ppmv SLE) i s e q u i v a l e n t t o s p e c i f y i n 3 l i mi t s o n o z o n e d e n s i t y ( e -g . , g/m ) . F o r a c o n s t a n t o z o n e d e n s i t y , t h e a l l o w a b l e t r u e v o l u m e f r a c t i o n ( e . g . , ppmv) i n t h e c a b i n w i l l v a r y i n v e r s e l y w i t h c a b i n p r e s s u r e . and contact the FAA regarding acceptable data and procedures Problem How frequently would a B747 100 flying over the contiguous United States at FL370 in the spring encounter cabin ozone levels in excess of the prescribed limits?
Solution
The mean retention ratio for this type of aircraft is found in Table 1 to be  0 381 The ratio of the density of the c a b~n air corresponding to these measurements to the density of sea level a:r at 25°C is 0 8 There fore the maximum cabin ozone limit of 25 ppmv SLE corresponds21 to an ambient ozone level of ( 2 5 ) / ( ( 8) ( 381,) = 0 82 ppmv and the time weighted average cabin ozone limit of I ppmv SLE corre ~~o n d s *~ {for an average transcon tinentai flight assuming a 5 hr scheduied time of which 1 hr. is taxi and ascent and descent) to an ambient tlme-weighted-average level of (.lj/!( 8 ) ( 381)) (5/4) = 0.41 ppmv Tlme-~eighted-average limit. -It was shown in Reference 20 that the probability of the mean ozone level at cruise exceeding a given value can be approximated by the probability that any observation exceeds the same Level. The solution given here will fo!low procedure I A 3 in Reference 20, except that we will use the tabulated median 84th percentile and 98th percentile values from Ref 14 as a four point approximation to the ozone cumu lative frequency distribution (cfd) Since the data used in this example are tabulated by 100 latitude inter vals, we will combine data from 300 to 400 N and 400 to 50° N at 750 to 1200 W longitude as a reasonable geographical approximation of the contiguous United States. Alternatively, this combination can be viewed as an interpolation to 400N, which would be the appropriate latitude to use in estimating the frequency of high ozone encounters on most transcontinental flights.
The separate four-point cfd's for 30° to 400 N and 40° to 500 N are shown in part a of figure 8. Since the 84th percentils values are greater than 0.41 ppmv in both latitude zones, the probability of encountering ambient ozone above 0.41 ppmv will be greater than 16 percent. If necessary, we can obtain a numerical estimate as follows: for 30° to 40° N we find that the probability of encountering ambient ozone greater than 0.41 ppmv is 21.5 percent, and for 400 to 500 N the corresponding probability is 29.7 percent. Weighting the regions equally (the number of observations is approximately the same in both regions) gives a probability of 25.5 percent that the cruise-mean ambient ozone level will exceed 0.41 ppmv. The composite cfd for 400 N interpolated from the Reference 14 tabulations is shown in Fig. 8b . Note that these estimates are based on empiricial encounter frequency data and do not require any assumption of the frequency distribution of the ozone levels in the selected grid. In contrast to this, use of previous climatological tabulations which give mean and standard deviation values requires either an explicit or implicit assumption of the form of this distribution. Specifically, direct use of the tabulations in Reference 15 includes the assumption that the distribution is normal (Gaussian) in conflict with the frequency distributions shown in figure 7 and Ref. 20. To illustrate this point, we have shown as a dashed line in Fig 8b the cfd for the example dataset which one would calculate from the mean and standard deviation assuming a Gaussian distribution. In this particular example, encounter probability estimates made using this assumption would be reasonable, as the curves cross in the vicinity of the solution point but this is probably fortuitous. Over the entire range of ozone encountered, the empirical method provides more reliable estimates than procedures requiring an assumed frequency distribution. Therefore, when empirical data are available, we feel they should be used in preference to tabulations which require that the form of the frequency distribution be assumed, either explicitly or implicitly, in order to estimate probabilities.
If we examine the flight-averaged data for a B747-100 in domestic U. S. service from March 30 to June 13, 1977 (Table IV in Ref. 20) , and delete flights to and from Hawaii, we find that 4 out of 18 transcontinental flights, or 22 percent, encountered average cabin ozone levels in excess of 0.1 ppmv SLE. This is in very good agreement with our estimate; however, because of synoptic variability, we should not, in qeneral, expect calculations based on climatological data to predict exactly the frequency of encountering a given ozone level on individual flights or series of flights.
Maximum value limit. -The solution to this problem will follow procedure 11-A3 in Reference 20. In this example we first determine the probability that the ambient ozone level will exceed 0 . 8 2 ppmv on any observation. Since 0.82 is greater t h a n t h e t a b u l a t e
o n e g r e a t e r t h a n 8 2 ppmv i s l e s s t h a n 2 % a t a n y r a n d o m l y -s e l e c t e d
t i m e -However d u e t o s y n o p t i c v a r ia b i l i t y , u n i f o r m a m b i e n t c o n d i t i o n s w o u l d n o t h e e x p e c t e d t h r o u g h o u t a f l i g h t , a n d t h e r e f o r e t h e p r o b a b i l i t y
o f e x c e e d i n g a g i v e n l e v e l . o n a n y random observation i s n o t t h e s a m e a s t h e p r o b a b i l i t y o f n e v e r e x c e e d i n g t h a t l e v e l t h r o u g h o u t t h e f l i g h t s .
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T h e p r o b a b i l i t y o f e n c o u n t e r i n g o n e o r m o r e o b s e r v a t i o n s o f a m b i e n t o z o n e g r e a t e r t h a n 0 . 8 2 ppmv i s e s t i m a t e d t o b e ( s e e R e f . 2 0 ) . 
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